The diverse locomotion modes and physiology of biological snakes make them supremely adapted for their environment. To model the noteworthy features of these snakes we have developed a snake-like robot that has no forward direction driving force. In order to enhance the ability of our robot to adapt to the environment, in this study we investigate the creeping locomotion of a snake-like robot on a slope. A computer simulator is presented for analysis of the creeping locomotion of the snake-like robot on a slope, and the environmentally-adaptable body shape for our robot is also derived through this simulator.
Introduction
Snakes perform many types of movements that are highly adaptable to their environment. Instead of being handicaps, their lack of limbs, the considerable elongation of their body and their particular mode of locomotion have allowed snakes to expand into diverse environments. A particular asset of snakes is their ability to immediately respond to a new environment by changing locomotion modes. In this study, we discuss the creeping locomotion of a snake-like robot on a slope, and derive the slope-adaptable body shape for our developed snake-like robot.
The snake, as a biological machine, in spite of its simplicity, performs well in terms of changing its highly redundant body to adapt to its environment. Several snakelike robots that emulate the motion of snakes have been developed. The first serpentine robot was built by Hirose (1993) , who recently carried out gliding experiments on ice to demonstrate that the creeping motion is identical to the motion used in skating (Endo et al., 1999) . * To whom correspondence should be addressed.
Miller also developed some useful snake-like robots demonstrating the creeping motion (Miller, 2002) . How such mechanisms can locomote in a plane was studied by Hirose (1993) and Ma (2001) . The snake robot locomotion theory based on Geometric Mechanics was also discussed for the serpentine robot (Ostrowski and Burdick, 1998) . Takanashi et al. developed a 3-dimensional motion robot for the purpose of search and rescue of survivors in collapsed buildings (Takanashi et al., 1996) ; Worst and Linnemann built another 3-dimensional motion robot utilizing a tendon-driven mechanism (Worst and Linnemann, 1996) ; and Hirose's group has also developed a 3-dimensional robot equipped with large passive wheels (Mori and Hirose, 2001) . In addition, Nilsson analyzed the ability of a snake-like robot to accomplish steep climbs with limited torque (Nilsson, 1998) , and Dowling constructed a 3-dimensional snake-like robot to verify the method of learning to crawl (Dowling, 1999) . We have also developed a snake-like robot for the purpose of clarifying the principle of its adaptability to the environment (Ma, 2001) . Other movements, in addition to serpentine motion, were analyzed (Worst and Linnemann, 1996; Chirikjian and Burdick, 1995; Burdick et al., 1995) . Three-dimensional locomotion control based on analysis of constraints (Yamakita et al., 2003) and the redundancy control of snake-like robots based on a kinematic model (Matsuno and Mogi, 2000; Matsuno and Suenaga, 2003) were proposed as well. The robots which were developed or theoretically analyzed for serpentine motion, were assumed to creep along a given curve path without any sliding in the direction normal to the body axis. The snake-like robots, however, always slip in the normal direction, adding to the glide along the tangential direction. The authors have developed a computer simulator to simulate the creeping locomotion of the snake-like robot where the normal-direction slip, adding to the glide along the tangential direction, was included in the analysis (Ma, 2001) . The optimal body shape of our snake-like robot creeping on a horizontal plane was also derived to adapt to changes in the environment (Ma, 2001) . In order to enhance the environmental adaptability of the snake-like robot, it is also necessary to study the creeping locomotion of the robot on a slope. An analysis of the creeping locomotion of the snake-like robot climbing on a slope, however, has not been fully investigated, although the possible climbing motion on a slope from a plane was derived by increasing the initial winding angle (Endo et al., 1999) .
In this study, we discuss the creeping locomotion of our snake-like robot on a slope, and present a simulator of the snake-like robot that was developed for analysis of such locomotion. Through comparison of the simulation results with our experimental results, we show that the simulator can be used for the analysis of the creeping locomotion of snake-like robots on a slope, as well as for the derivation of their optimal body shape.
Kinematics of a Snake-like Robot on a Slope
The snake-like robot (Ma et al., 2002) , shown in Fig. 1 , is formed from serially connected links; each of which is swung by an electrical motor. The creeping locomotion of the snake-like robot is generated by swinging the joints from side to side, to cause the forward (or propelling) force, which comes from the interaction of the robot with the environment, through friction. The wheels installed under the link plates along the forward direction are used to provide a contact point with the ground, and to generate the difference between normal and tangential friction. Analysis of the creeping motion of the snake-like robot on a plane has been performed in the case of considering the normal slip, the robot dynamics, and friction with the environment (Ma, 2001) . In order to analyze the creeping locomotion of the snake-like robot on a slope, in this section, we first describe the kinematic model. Consider a snake-like robot creeping on a slope at an angle of inclination ψ. A fixed reference coordinate (as shown in Fig. 2 ) is set, with the x-axis along the uphill direction and the y-axis normal to x-axis on the slope.Each coordinate on the joints of the robot is set as follows: its origin is at the joint and x-axis and y-axis are parallel to that of the fixed reference coordinate.
The i-th joint position p i (i = 0 ∼ n; n : Number of links) and the position of the center of gravity of the i-th link p G i can thus be expressed by the angle of each link φ i , and given by
is the distance from i-th joint to the center of gravity of the i-th link, E kφ is the rotation matrix around z-axis given by
Further, p n is the displacement of the head and p 0 is the displacement of the tail. The velocities and accelerations of the joints, and those of the gravity centers of the links, can be derived through time-differentiation of Eqs. (1) and (2). For simplicity, we have set s k = sin(φ k ) and c k = cos(φ k ) in the formulation.
For convenience, we also use the Serpenoid curve (Ma, 2001; Ma et al., 2002) as the basic body shape of the snakelike robot that creeps on a slope. The Serpenoid curve is given by the curvature function
where K n represents number of the S-shape, α 0 is the initial winding angle, L(= n−1 k=0 k = n ) is the whole length of the robot body, and s p is the body length along the body curve. We assume that the snake-like robot holds its shape on the Serpenoid curve, and the body shape changes with respect to the change of the Serpenoid curve while moving on the slope. In this case, the i-th joint variable of relative value
is derived from integration of the curvature function given in Eq. (3). Assuming that i = and L = n we have.
where i = 1, 2, . . . , n − 1, and s is the virtual displacement of the tail along the Serpenoid curve path that determines the changing frequency of the body curve. The joint velocities and accelerations can be derived by differentiating Eq. (4), with respect to time.
Dynamics of a Snake-like Robot on a Slope
When a snake-like robot creeps on a slope, it always slips in the normal direction, adding to the glide along the tangential direction. To analyze the creeping motion of the snake-like robot on a slope, the robot dynamics and its interaction with the environment must be considered. In this section, we formulate the dynamics of the snake-like robot that creeps on a slope and model the interaction of the robot with its environment, provided that the snake-like robot creeps on a plane and behaves as a rope with an infinitesimal diameter.
Robot Dynamics
Each link of the snake-like robot on a slope can be modeled as in Fig.3(a) . On the basis of the Newton-Euler equation, we get the following equations for link i,
wherein, τ i is the torque at joint i, m i and I i are the mass and the moment inertia of link i, f i ( f 0 = f n = 0) is the reaction force at joint i, f f i is the friction force at contact point of link i with the ground, and i = 0, 1, 2, · · · , n − 1. Note that at the tail and the head there are no actuators, thus τ 0 = 0 and τ n = 0. Rewriting Eq. (5) in matrix-vector form, the robot dynamics can be summarized as (See appendix A)
Moreover, since the snake-like robot has no fixed base, from Eq. (5) we know that the forces must satisfy (See Appendix A)
Interaction of robot with the environment
We have utilized the wheel on our robot to generate different friction between the tangential and normal directions. In this study, the interaction of the robot with the environment is expressed by the Coulomb friction. Since the robot almost always slips while climbing on a slope, the static friction does not greatly affect the result and is ignored, for the sake of simplicity. In addition, since we consider a robot moving only on a plane, the reaction force of each link perpendicular to the plane is affected only by its own gravity. As shown in Fig. 3(b) , the friction force along the tangential direction, f f t i , and that along the normal direction, f f n i , are thus given by
where µ t and µ n express the friction coefficients in tangential and normal directions, while δ i r t and δ i r n express the displacement at the friction point. The friction forces along the x-axis and y-axis can be thus derived by
Note that gravity affected the locomotion of the snake-like robot that creeps on a slope, as indicated by the gravity terms M 0 and m 0 , and by the friction force, as shown in Eqs. (8) and (9).
Simulator for Simulation of the Creeping Locomotion of a Snake-like Robot on a Slope
Based on the formulation in Section 3, the analysis of the creeping locomotion of the snake-like robot on a slope can be performed. We first give the derivation of the robot motion with the input of the shape change or joint torques, and then present the simulator developed, based on these solutions.
Shape to Motion
Here, we derive the robot motion, while providing the shape change through the joint variables θ (t),θ(t), andθ (t). From the relationship of the absolute value of joint angles to their relative value,
Solving Eq. (7) and substituting Eq. (10) into it, we obtainp
Substituting Eq. (11) into Eq. (6), we have
Equation (12) is a n-dimensional linear equation of n unknown variables, τ (∈ n−1 ) andφ 0 (∈ ). Solving Eq. (12), we thus obtain the joint torques τ and the first link rotation accelerationφ 0 . Substituting these values into Eq. (11), we have the first joint moving accelerationp 0 . The first link rotation velocityφ 0 and its angle φ 0 , and the first link moving velocityṗ 0 and its moving distance p 0 , are obtained through integration. Thus, the robot motion is derived in the case of body-shape changing, and the necessary joint torques to generate the robot motion are obtained at the same time. 
Torque to Motion
Giving the joint torques τ (t), the robot motion is derived. Substituting Eq. (11) into Eq. (6), we get
Equation (13) is also a n-dimensional linear equation of n unknown variablesφ(∈ n ). Solving this equation, we obtain the link rotation accelerationφ . Substituting these values into Eq. (11), the first joint moving accelerationp 0 can be obtained. As in the above, the link rotation velocitieṡ φ, the joint rotation angles φ, the first link moving velocitẏ p 0 and its moving distance p 0 , are obtained through integration. Thus, the robot motion is derived in the case to inputting torque to each joint.
Computer Simulator
Based on the above equations, a computer simulator shown in Fig. 4 has been developed to simulate the creeping locomotion of the snake-like robot on a slope, with consideration of robot dynamics and interaction with the environment. The input of the simulator is joint torques, and its output is the robot motion. The program was written by the Gnu Compiler Collection (GCC) and the OpenGL Utility Toolkit (GLUT) on a Linux Unix system. Noted that the program can also run on a Windows system while being compiled by Borland C++. The parameters of our snake-like robot platform, as shown in Fig. 1, were utilized (Ma et al., 2002) .
This simulator makes possible to analyze the creeping locomotion of a snake-like robot that moves on a slope. Figure 5 shows one example of such a simulation.
Simulation and Experimental Test
To show the validity of our simulator for analyzing the creeping locomotion of the snake-like robot on a slope, we compared the computer simulation results with the exper- imental results. Based on the limitation of the mechanical model of our snake-like robot, we compared the results only for the case K n = 2.
The robot shape changes in a constant frequency determined byṡ = 0.2 [m/s]. The friction coefficients are 0.01 in tangential direction and 0.53 in normal direction, and were obtained by measuring the friction force between the slope and the robot. The propelling velocity was measured as follows:
• in computer simulation, the mean value in steady state was used; • in experiment, the average of 5 times' mean value, that is, the value of the measured distance divided by the measured time, was used. Figure 6 shows the simulation results and Fig. 7 shows the experimental results, where (a) is the change of the propelling velocity v, with respect to the initial winding angle α 0 and the angle ψ of inclination; and (b) is the upper/lower limit of α 0 for the snake-like robot to be able to climb on the slope, and the optimal α 0 for the snake-like robot to climb uphill at maximum velocity. The upper limit of α 0 is always 80 • in the experimental results, due to the limitation of the mechanical model From the simulation results, it is known that the upper limit of α 0 decreases, and the lower limit of α 0 increases, with respect to the angle ψ of inclination. The robot creeps uphill, adapting to the slope by changing its initial winding angle α 0 . From the Fig. 7 , we know that even though the experimental results and the simulation results are not the same, they show same trends. Since the experiments were performed in the interval 5 • of α 0 from 0 • to 80 • , the exact results have not been obtained. If more experiments in a smaller interval of α 0 , were performed, more exact results would be obtained, and a more similar result to the one obtained by simulation would be generated.
For ease of understanding, Fig. 8 shows the comparison of the optimal α 0 and its low limit, between the experimen- tal results and the simulation results. It demonstrates that the simulation results show same trend as the experimental results, but with different values. This is because the snakelike robot model was assumed to be a rope with infinitesimal diameter in the simulation, and no exact results was obtained in the experiments. These issues can be improved by using a more accurate robot model and performing more experiments, which would result in greater similarity of results between simulation and experiments. However, we can still say that the computer simulator can be used for analysis of the creeping locomotion of the snake-like robot on a slope, and for derivation of its optimal locomotion form. Figure. 9 shows one example of the robot motion on a 12 • slope.
To show the influence on the creeping locomotion of the snake-like robot by K n while it creeps on a slope, we have also performed simulations for the cases of K n = 1 and K n = 3. Other parameters are same as those in the case of K n = 2. The results are shown in Fig. 10 . As can be seen, the snake-like robot shows the maximum climbing velocity uphill while K n = 1, but the necessary joint torques are large, as shown in Fig. 11 . While K n = 3, the climbing speed uphill of the robot is small, but the joint torques are also larger than in the case K n = 2. Moreover, the joint number 12 appears to be insufficient, since the discrete error is large for the case of K n = 3. While K n = 2, the propelling velocity v along the slope is not greatly decreased and the joint torques show the smallest values. For our snake-like robot, the case of K n = 2 is thus better utilized. 
Conclusion
In this study, we modeled robot kinematics and dynamics, as well as the interaction of the robot with the environment; and developed a computer simulator to simulate the creeping locomotion of the snake-like robot on a slope. The simulator makes it possible to analyze this locomotion with the normal-direction slip, coupled with the glide along the tangential direction, while the robot climbs on a slope. Through comparing the simulation and experimental results, we know that the simulator can be used to analyze the creeping locomotion of the snake-like robot on a slope, as well as for the derivation of the optimal locomotion curves allowing for adaptation to the environment. Through computer simulation, we also know that the case of K n = 2 is best used for our snake-like robot, since it shows a larger propelling velocity along the slope combined with the smallest necessary joint torques.
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Appendix A: Dynamic Equation of a Snake-like Robot

